Abstract Durian is one important tropical fruit with high nutritional value, but its shell is usually useless and considered as waste. To explore the efficient and high-value utilization of this agricultural and food waste, in this study, durian shell was simply hydrolyzed by dilute sulfuric acid, and the durian shell hydrolysate after detoxification was used for bacterial cellulose (BC) production by Gluconacetobacter xylinus for the first time. BC was synthesized in static culture for 10 days and the highest BC yield (2.67 g/L) was obtained at the 8th day. The typical carbon sources in the substrate including glucose, xylose, formic acid, acetic acid, etc. can be utilized by G. xylinus. The highest chemical oxygen demand (COD) removal (16.40%) was obtained at the 8th day. The highest BC yield on COD consumption and the highest BC yield on sugar consumption were 93.51% and 22.98% (w/w), respectively, suggesting this is one efficient bioconversion for BC production. Durian shell hydrolysate showed small influence on the BC structure by comparison with the structure of BC generated in traditional Hestrin-Schramm medium detected by FE-SEM, FTIR, and XRD. Overall, this technology can both solve the issue of waste durian shell and produce valuable bio-polymer (BC).
Introduction
Durian is a tropic fruit and it is popular by people because of its high nutritional value. Although durian pulp is delicious, a large number of durian shells will be generated after taking off of durian pulp [1] . For example, according to the Malaysia Ministry of Agriculture and Agro-Based Industry statistical crop data, the production of durian is about 320,164 MT (metric ton) in 2013. For each durian, only 50-65% flesh is consumed as food, and the rest is usually discarded [2] . In addition to Malaysia, many countries in tropic such as Thailand, Indonesia, Philippines, etc. also generate durian [3] . Besides, many countries [3] import durian from these tropical countries to satisfy the need of food. Obviously, a lot of arbitrarily discarded durian shell is hard to dispose, and this not only causes the problem of environmental pollution, but also wastes resources. Therefore, it is wise and necessary to explore the application of durian shell. Nowadays, most researches mainly focus on the effective utilization of durian shell component [4] [5] [6] , because these active ingredients can be used for many aspects [7] [8] [9] [10] . Besides, durian shell can also be used for adsorption or medical application [11] [12] [13] [14] .
However, above application of durian shell does not reduce the volume of durian shell greatly that most durian shell after treatment is still solid waste. Therefore, it is wise and necessary to explore new method to treat durian shell which can significantly reduce its volume. Recently, hydrolysis of lignocellulosic biomass is proven to be one promising technology that can convert various solid agricultural wastes into liquid substrate for fermentation [15] [16] [17] . Similarly, durian shell can also be turned into liquid substrate by hydrolysis. However, little study focuses on this point.
Bacterial cellulose (BC) has excellent properties such as tensile strength, water-binding capability, adaptability to the living body, and biodegradability, thus it has great potential in application in many fields including food, biomedical material, papermaking and transducer diaphragms [18, 19] . Gluconacetobacter xylinus is the bacterium usually used for BC production [20, 21] . Though the technology of BC production has become more mature, the high cost of substrate is still one barrier for the large scale production and application of BC. Nowadays, there are a lot of substrates have been used for BC production by G. xylinus, including fruit juice, agricultural and forestry waste, wheat straw, wastewater and so on [22] [23] [24] [25] [26] . So far, there is no report on the use of durian shell hydrolysate as culture medium for BC production by G. xylinus.
In this study, durian shell was hydrolyzed by dilute sulphuric acid, and the hydrolysate was used as the substrate for the BC production by G. xylinus for the first time. Then, the BC produced in durian shell hydrolysate was compared with that produced in traditional HS medium by Scanning electron microscope (SEM), Fourier transformed infrared (FT-IR), and X-ray diffraction (XRD) analysis. By this study, the potential and possibility of using waste durian shell as one alternative substrate for BC production can be proven.
Methods and Materials Preparation of Durian Shell Dilute Acid Hydrolysate
Durian shell collected from local fruit market was used as feedstock, the durian shell was treated by 2% (w/v) dilute sulphuric acid with a solid/liquid ratio of 1/10 (w/v) at 120°C for 60 min. After that the hydrolysate was recovered by vacuum filtration. The pH value of this hydrolysate was adjusted to 5.0 with CaO, and the hydrolysate was recovered by vacuum filtration. Then, the activated carbon was added into the hydrolysate with a solid/liquid ratio of 1/100 (w/v) at 50°C and 170 rpm for 60 min. Finally, the pH of hydrolysate was adjusted to 6.0 with CaCO 3 and the hydrolysate was recovered by vacuum filtration.
Fermentation Strain, Culture Medium and Fermentation Condition
In this study, G. xylinus CH001 (Laboratory of Energy and Biochemical Engineering, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences) was used for BC production. The pre-culture was performed on precultivation medium (g/L, mannitol 25, yeast extract 5, peptone 3, initial pH 6.0) at 28°C and 150 rpm for 48 h. The durian shell hydrolysate was used as the medium for BC production by G. xylinus. Seed culture [8% (v/v)] was translated into the durian shell dilute acid hydrolysate and the fermentation was performed in a 250 mL conical flask containing 30 mL medium in static culture at 28°C for 10 days. The fermentation was also carried out in the classical Hestrin-Schramm (HS) medium (g/L, glucose 20, yeast extract 5, peptone 5, disodium hydrogen phosphate 2.7, citric acid 1.15, initial pH 6.0) [27] , and the BC products obtained from the durian shell acid hydrolysate were compared with that obtained from HS medium. The fermentation was performed in duplicate and an average value of BC yield was given.
The Treatment of Bacterial Cellulose
After cultivation, the BC was separated from the fermentation broth. Then, the BC was treated by 1.5% (w/v) NaOH at 80°C for 1.5 h to remove the remnant cells and then was washed by deionized water until the pH was neutral. In order to get dry product, the BC was lyophilized by freeze dryer. Subsequently, the dry mass of BC was weighed and the BC yield was calculated.
Analytical Methods
The concentration of various components in the durian shell hydrolysate was analyzed by HPLC (Waters 2685 systems, Waters Corp., USA), with a RI detector (Waters 2414), and on Aminex HPX-87H column (300 mm 9 7.8 mm, Bio Rad Corp., USA) using 5 mM H 2 SO 4 solution as mobile phase at 0.5 mL/min, and the HPLC was operated at 55°C. COD in the durian shell hydrolysate was detected by Water Quality Analyzer (Beijing Shuanghui Jingcheng Electronic Product Ltd., China). The structure and composition of BC products were evaluated by FE-SEM, FTIR, and XRD according to the previous researches [28, 29] .
Results and Discussion
Bacterial Cellulose Production in Durian Shell Hydrolysate by G. xylinus After durian pulp was consumed, durian shell is usually discarded, thus its cost is very low and its availability is great in many countries consume durian. Base on this, durian shell can be one promising bio-resource for further application. In this study, the potential and possibility of using durian shell as one alternative feedstock for the high value carbohydrate polymer (BC) production by G. xylinus was evaluated. In order to create a suitable fermentation environment, the durian shell hydrolysate was detoxified by neutralization and adsorption, which were used most frequently in detoxification of lignocellulosic hydrolysates [30] [31] [32] [33] [34] . After detoxification, the durian shell hydrolysate can be used for fermentation by G. xylinus directly without adding other nutrients including nitrogen sources and trace elements. During the whole fermentation process, the BC accumulation, substrates utilization, and the change of BC structure were evaluated systematically.
The result of BC accumulation is shown in Fig. 1 . As seen from the figure, the accumulation of BC from durian shell acid hydrolysate was not apparent in the first 4 days, and this was similar with other researches [29, 35] . The lag phase was possibly caused by the inhibitors existing in the lignocellulosic hydrolysate that these inhibitory compounds are usually toxic to different microorganisms and their products formation. It is worth noting that besides hemicellulose and cellulose, lignin can also be degraded during acid hydrolysis and generate various aromatic compounds, and these compounds usually have high toxicity to microorganisms, the effect of inhibitors generated from lignin on BC production has been reported in other research [36] and therefore the lag phase might be caused by the existence of these compounds. In contrast, no inhibitory compound exist in the HS medium and therefore BC production was also carried out in this medium to evaluate the effect of durian shell hydrolysate environment containing inhibitory compounds on BC production.
After the 4th day when G. xylinus has adapted to the environment of durian shell hydrolysate, the BC yield increased rapidly, and the maximum BC dry weight (2.67 g/L) was obtained at the 8th day of fermentation. After that, the BC dry weight decreased. This interesting phenomenon is possibly due to the exhaustion of fermentable carbon sources in the durian shell hydrolysate and the BC might be degraded to generate additional nutrients to maintain the growth of G. xylinus. By comparison, the maximum BC dry weight (2.50 g/L) was also obtained at the 8th day in the HS medium, and the BC yield remained unchanged later. Although there existed lag phase during the BC fermentation in durian shell acid hydrolysate, there was little difference between the maximum BC yield from the two media (the maximum BC yield in the durian shell acid hydrolysate was approximate 6.4% lower than that in the HS medium), indicating that the lag phase had little effect on the conversion rate from substrate to product.
Metabolism of Substrates in Durian Shell Hydrolysate During Fermentation Process
In this work, durian shell acid hydrolysate was used as substrate for BC production, and the metabolism of substances in the hydrolysate during the fermentation process was analyzed by HPLC. The components in the durian shell acid hydrolysate mainly included cellobiose, glucose, xylose, formic acid, acetic acid and so on, which was similar to other lignocellulosic hydrolysates [32, [37] [38] [39] . The metabolism of these substrates in the hydrolysate during fermentation is shown in Fig. 2 .
A lot of lignocellulosic biomass exists in the durian shell, and lignocellulosic biomass usually contains three components, namely cellulose, hemicellulose and lignin. Compared with cellulose, hemicellulose can be hydrolyzed easily by diluted acid, and xylose is the main product after hydrolysis of hemicellulose [40] . It can be seen that xylose was the main sugar in the durian shell acid hydrolysate, and its concentration was as high as 6.39 g/L in the early stage of the fermentation, suggesting that hemicellulose was degraded efficiently after diluted acid hydrolysis. During the first 4 days of fermentation, the xylose concentration showed small change, and the same phenomenon also happened in the metabolism process of the glucose. After the 4th day of fermentation, both xylose and glucose were consumed rapidly and their concentration decreased obviously, showing that the strain has adapted the fermentation environment and began to utilize the carbon sources in the hydrolysate for its growth and BC production. Interestingly, both xylose and glucose can be utilized simultaneously by G. xylinus as the fermentation went on. In addition to the above two sugars, there existed other substances in the hydrolysate, including cellobiose, formic acid, acetic acid and so on. The initial concentration of acetic acid was almost the same as that of glucose. The existence of acetic acid and formic acid maybe caused by the degradation of sugars and the fracture of acetyl [41] . After the 3rd day of fermentation, acetic acid was consumed rapidly, and it was consumed completely after the 4th day of fermentation. Similarly, formic acid was also consumed completely after the 4th day of fermentation. The change of cellobiose was not obviously, it showed a little increase in the process of fermentation. COD is one important index to evaluate the concentration of organic materials in liquid medium and it reflects the total organic materials with high or low fermentability. The evolution of COD is also showed in Fig. 2 and this can partly reflect the metabolism of G. xylinus. The initial COD of durian shell hydrolysate was 17,373 mg/L, and in the early stage of fermentation, the COD continued to rise till the 2nd day, then it decreased to 14,523 mg/L after 8 days' fermentation, and the COD removal ratio was 16.40%. The highest BC yield on COD consumption was 93.51% (w/w), and the highest BC yield on sugar consumption was 22.98% (w/w). Thus, the BC biosynthesis in durian shell acid hydrolysate is one efficient bioconversion process that it has great potential for BC production. It is worth noting that the durian shell was hydrolyzed by merely 2% sulfuric acid in this study and most cellulose component in durian shell was still not degraded (glucose is main sugar after degradation of cellulose) in spite that the hemicellulose of durian has been converted into xylose. Therefore, the remaining cellulose after acid hydrolysis of durian shell could further degraded by enzymatic hydrolysis [42] in order to fulfill comprehensive utilization of durian shell resource for BC production. In many situations, glucose is much easier carbon source than xylose for utilization by microorganisms [43] . Therefore, G. xylinus has great potential for comprehensive utilization of durian shell resource for BC production because both xylose and glucose are its promising carbon sources.
Development of BC Structure During Fermentation
In this research, the influence of durian shell acid hydrolysate environment on the micro-morphologies, functional groups, and crystallinity of BC samples were measured by SEM, FT-IR and XRD at different fermentation period and compared with those of the BC samples obtained in classical HS medium. The change of BC micro-morphologies was detected by SEM (Fig. 3) . On the 4th day and 8th day of fermentation, the network structure of cellulose fiber could be observed in the BC sample from durian shell hydrolysate, and there existed various obvious pores in the network. But in the later stage of fermentation, the network and the pores disappeared, and were replaced by the more compact structure. By contrast, the BC samples generated in HS medium (Fig. 3) showed more loose structure. Some reports illuminated that the narrow pores among the cellulose may contribute to the anisotropic mechanical strength [44] .
The functional group of BC samples obtained in durian shell acid hydrolysate was measured by FT-IR and compared with that obtained from traditional HS medium. The product synthesized in durian shell acid hydrolysate appeared at and 3434 cm -1 for the stretching vibration of hydroxyl groups (-OH), at 2930 cm -1 for the asymmetric stretching vibration of methylene (-CH 2 -), at 1432 cm hydrolysate had little influence on the functional groups composition of BC (Fig. 4) . The change of crystal structure of BC samples obtained from durian shell acid hydrolysate was detected by XRD (Fig. 5) . The (1Ī0), (110), and (200) crystal planes corresponded to peaks at 2h angles of 14.5°, 16.8°, and 22.7°. Crystallinity index (CI) was calculated from the related peak intensity data by the Segal method, and the results indicated that the crystallinity and CI of BC from durian shell acid hydrolysate showed a trend to decrease with the increasing days of fermentation, and in the late stage of fermentation, the value of crystallinity and CI were both too low. This phenomenon was corresponding to the low signal of the characteristic peak. Some researches indicated that the low crystallinity and CI leads to smaller particles of BC [45] , and the small particles of BC were more efficient in retaining filler granules [46] .
Conclusion
Durian shell is often discarded after the pulp has been eaten, and in this research, it is the first time to use the waste durian shell as feedstock for BC production by G. xylinus. This study fulfilled the effective application of waste durian shell, and it is an efficient way to convert the waste into valuable product. Further research should focus more on the comprehensive utilization of cellulose and hemicellulose in durian shell for BC production to make this technology more attractive for industrial application.
